The absorption of inorganic salts by plant roots and other biological systems depends upon metabolic processes. When absorption proceeds against a concentration gradient, an expenditure of metabolically derived energy is obviously required. In some systems, such as barley roots, even absorption along a concentration gradient is negligible under conditions of arrested metabolism; and the concentration of the salt in the sap fails to reach the level of the outside solution (12, 13, 17) .
sium in preference to sodium, even when the external environment is rich in sodium and poor in potassium.
The view has come to the fore in recent years that both the role of metabolism and the specificity in the absorption process can best be accounted for by assuming that ion binding compounds are generated by metabolic processes. General reviews which make this point include those by USSING (29) , ROBERTSON (25) , and STEINBACH (27) . OSTERHOUT (22) has succinctly stated some of the problems for whose solution such a concept would be useful. OSTERHOUT (22) and JACOBSON and OVERSTREET (14) have outlined several properties which the ion binding compounds must possess to account for characteristic features of the absorption process. These workers also stress the need for assuming that the complex is labile and breaks down again, releasing the ions. COWIE et al. (5) , ROBERTS et al. (23) , CONWAY et al. (4) , EDDY et al. (7) , and EDDY and HINSHELWOOD (8, 9) have investigated the problem of ion binding in microorganisms, arriving at similar views. ROBERTS and his co-workers (23, 24) and EDDY and co-workers (7, 8) have related the binding of alkali cations to carbohydrate metabolism, and BOLTON and ROBERTS (1) have produced evidence that the hexose phosphates are responsible for the binding of potassium in Escherichia coli.
The hypothesis that the absorption of inorganic ions involves their combination with binding compounds forms the basis of the present study. Evidence will be presented for the existence of several distinct reactive sites involved in the binding of alkali cations by barley roots. It will be demonstrated that there are large differences in the affinity of these sites for various cations. Methods Roots of the Sacramento variety of barley were used as the experimental material. The method for obtaining barley roots with a high capacity for PLANT PHYSIOLOGY ion accumulation was similar to that used by JACOBSON et al. (15) . Briefly, 20 gm. of Sacramento barley seed were suspended in 40 ml. 10O% H202 for 20 minutes, with occasional shaking. The H202 solution was decanted without rinsing, and the seeds were soaked for 24 hours in 1 liter of continuously aerated distilled water. The seeds were then rinsed several times with distilled water. Following this they were planted upon a layer of cheesecloth supported by means of a stainless steel screen over 4 liters of 10-4 M CaSO4 in a 4-liter Pyrex beaker. There was a distance of approximately 2 cm. between the surface of the solution and the seeds. The corners of the square piece of cheesecloth dipped into the solution. A second stainless steel screen was placed on top of the seeds and covered with another piece of cheesecloth which also dipped into the solution.
The seedlings were grown in a dark chamber maintained at 240 C. The solution was continuously aerated by means of a sintered glass aerator. Forty-four hours after planting, the top screen and its layer of cheesecloth were removed. Three days after planting, the solution was renewed. At this time the roots were rinsed by removing the stainless steel screen from the beaker and dipping the roots in two portions of distilled water. The screen and plants were then transferred to another beaker containing 4 liters 10A M CaSO4 and returned to the growth chamber. The roots were used five days after planting. The screen with the plants was removed from the beaker and the roots were rinsed by dipping them into two portions of distilled water. They were then excised just below the stainless steel screen and suspended in 4 liters of distilled water at 240 C. The roots were thoroughly mixed while in the beaker.
Rb86 obtained from the Isotopes Division of the Atomic Energy Commission, and K42 and Na24 prepared in the cyclotron of the Department of Terrestrial Magnetism, Carnegie Institution of Washington, Washington, D. C., were used as tracers. The Rb86 was received from Oak Ridge in the form of the carbonate. Excess HCI was added to a solution of the salt, and the solution evaporated to dryness. A 0.1 M stock solution of the chloride was prepared. It was often desirable to make isotopic dilutions of the stock solution by mixing aliquots of it with appropriate volumes of a 0.1 M solution of non-radioactive RbCl. Na24 and K42 were prepared essentially as described by COWIE et at. (5) . The stock solutions of these ions also were 0.1 M solutions of the chlorides.
Determinations of radioactivity were made with a Geiger-Mueller counter of conventional design, using an end-window counting tube. Every sample was counted twice for a total count of 5000 each time. Self-absorption was negligible. Aliquots of the stock solution were counted at the same time, with the same geometry.
Roots were removed from the water in the beaker in which they were suspended, blotted on previously washed, dry cheesecloth to remove water adhering to the surface, and 1.00 gm. portions were weighed out on a torsion balance and transferred to Pyrex test tubes, 250 mm. x 22 mm., con-place by means of a wrap of non-absorbent cotton which also served to close the mouth of the test tube. For each sample, the entire operation of removing roots from the beaker, weighing and transferring them to the test tube took less than one minute. Just prior to the start of the experiment proper, the water in eaclh tube was decanted and replaced by a volume of water, redistilled in an all-Pyrex still, equal to 50 ml. minus the volumes of salt solutions to be added to that tube. The tubes were transferred to a water bath maintained at 30°C and the aerators connected to a manifold. The requisite volumes of standard salt solutions were then pipetted into the tubes. When solutions of two salts were added to a tube, the salt of the radioactive cation whose absorption was to be determined was added first, followed immediately by the other salt. It was found that the order of addition did not significantly affect the results, provided that the interval between additions was brief.
The absorption period was three hours. The solutions were continuously aerated during that time. Under these conditions, the reduction in the concentration of the solution in the course of the experiinent, due to absorption by the roots, was not pronounced enough to affect the results significantly, so that for the purpose of these experiments, the concentration of the solutions may be said to have been essentially constant during the absorption period. At the end of the absorption period, the solutions were decanted and the roots rinsed by filling the tubes with distilled water and decanting three times in succession. The root samples were transferred to one fourth oz. seamless-tinned-iron cups and ashed overnight at 450°C. A drop of Roccal and approxiiimately 1 ml. water were added and the samples dried.
The Roccal serves to reduce the surface tension and promote uniform distribution of the samples over the area of the cups. Radioactivity determinations were then made as described above.
It fig. 1 ). At higher Rb concentrations, Na even at low concentration has a depressing effect on Rb absorption. This effect becomes progressively less pronounced at higher Na concentrations, so that there is little, if any, difference in Rb uptake between 5 and 10 m.e./l. Na ( fig. 1) .
These findings represent two distinct mechanisms of Na interference with the absorption of Rb. One of these (type a) does not become obvious until the Na concentration exceeds 10 m.e./l. The other (type b) produces its maximum effect at approximately 5 m.e./l. Na, doubling the Na concentration causing little or no further reduction in Rb uptake. This effect (type b) becomes less pronounced the lower the Rb concentration, and effectively disappears at a Rb concentration of 1 m.e./l. These features of the effect of Na at concentrations of 10 m.e./l. and below (type b) imply, according to the precepts outlined above, that the effect of Na at these concentrations does not involve direct competition of Na ions for the reactive groups or sites which bind Rb. The apparent failure of Na at concentrations of 10 m.e./l. and less to compete for the Rb site is not due to non-absorption of Na at these concentrations. Figure 2 shows the results of an experiment on Na absorption as affected by Na concentration and aeration. The solutions of one set were aerated as usual, while N2 gas was bubbled through the solutions of a parallel set. The gassing was started 30 minutes prior to the addition of the Na*Cl. The aerated roots absorbed Na at an appreciable rate. The experiment also shows that Na absorption is not of a passive, non-metabolic nature, but is a function of aerobic metabolism like the absorption of K (12, 13) and Rb (10) .
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It has been assumed that the absorption of ions involves their combination with metabolically derived binding groups or sites. This combination must, however, be of a temporary nature, since the evidence indicates that the ions pass into free solution in the vacuole. The absorption process then is pictured as follows (15, 22 which is impermeable to the free ions, the ions combine with metabolically produced binding compounds or carriers. They traverse the membrane in this form. Upon reaching the inner surface, the binding compound or carrier is chemically altered by metabolic processes so that the ions are set free. These assumptions can be expressed in the following equations: (13) . Kinetic studies of enzyme reactions have led to the view (11, 16, 20, 28 ) that the substrate combines with the enzyme to form an unstable complex which then breaks down to yield free enzyme and the product or products of the reaction. These reactions are usually expressed in the following equations:
where E is the free enzyme, S the substrate, ES the enzyme-substrate complex, P the products of the reaction, and k the rate constants. The breakdown of ES is assumed to be practically irreversible, i.e. k4 is negligible. It will be seen that these views concerning the mechanism of ion absorption and enzyme activity are quite analogous, the carrier, R, corresponding to the enzyme, E, and the ion, M, to the substrate, S. The two processes differ in that the combination between enzvme and substrate produces a chemical change in the substrate molecule, whereas the combination of the carrier with the ion results in the transport of the ion from the medium to the interior of the cell. The carrier, R, rather than the substrate, undergoes a chemical change. The particular processes under study, however, do not affect the analysis of kinetic data (16) . It would be beyond the scope of the present paper to give a detailed treatment of the kinetics of enzyme reactions. This subject has been discussed by EBERSOLE et al. (6) , HALDANE (11) , LINEWEAVER and BURK (16) , NEURATH and SCHWERT (21) , and WILSON (30), among others. Only a brief outline will be given below, in order to indicate the manner in which this treatment will be applied to the problem of ion transport.
STRAUS and GOLDSTEIN (28) have shown that the above authors have based their treatments upon the assumption that the concentration of enzyme centers is constant and small compared with the concentration of substances with which they may combine. Likewise, in the present application of this treatment to the transport of ions, the assumption is implicit that in this case the number of binding sites is essentially constant during the experimental period, and their concentration small in comparison with that of substrate; i.e., the system operates in Zone A of Straus and Goldstein.
Although the kinetic treatment and the terminology used here are those based on work with enzymes, it is stressed that it is not necessary to equate the ion binding carrier R with an enzyme, although this is indeed a likely interpretation (1, 9, 18, 19) . While the type of kinetic analysis used here was first applied to enzymatic reactions, this type of analysis is valid whenever the mechanism of a reaction involves the general features embodied in equations 3 and 4, i.e., the reaction of a substrate with a compound to form a labile complex which subsequently breaks down, some chemical or physical change occurring as the net result of this temporary combination. All of the above considerations may be applied to the problem of ion binding. In this case, v and V will stand for the measured and maximum rate of absorption, respectively, (S) for the concentration of the substrate ion, M, in the solution, and K8 for the constant. CASE 2. COMPETITIVE INHIBITION.-The kinetic analysis of enzyme reactions has been extended to include the effect of inhibiting substances. In competitive inhibition, the inhibitor combines with E at the same site or reactive group as the substrate so as to compete with the substrate for available sites. In this case, relative inhibition of the reaction will depend on the concentration of both the substrate and the inhibitor. The velocity equation in this case is:
1, (1)1
where v and V are the observed and maximum rates, respectively, K, the constant, and (I) and (S) the concentrations of the inhibitor and substrate, respectively. The symbol V in this and all other equations stands for the maximum rate in the absence of the inhibitor. It should not read V* or VI (maximum rate in the presence of inhibitor) as has been repeatedly stated (6, 21, 30) In applying these considerations to the problem of ion absorption; cations other than those whose absorption is under consideration will be looked upon as interfering ions, corresponding, to a first approximation, to the inhibitor in the case of enzyme reactions. In equation 7, (I) then will stand for the concentration of the interfering ion, v and V for the observed and maximum rates of absorption of the substrate ion, A\I,, present in concentration (S), and K, and Ki for the MIichaelis constants of the complexes RM8 and RMi, respectively, where R denotes the ion binding carrier and M8 and Mi the substrate and interfering ions. (1)/Ki] so that the ratio slope/intercept remains constant. A means is thereby provided for distinguishing noncompetitive from competitive inhibition, for in the latter the slope increases whereas the intercept does not, with the result that the ratio slope/intercept is increased. In terms of ion absorption, non-competitive inhibition represents the case where the interfering ion, Mi, is bound by a site or reactive group different from that by which the substrate ion, M., is bound, and equally so,in the presence or absence of substrate ions. The double reciprocal plot, 1/v against 1/(S), gives an unchanged slope, but the intercept is increased by the factor [1 + ()/Ki] (cf. equation 6). As a result, the ratio slope/intercept decreases. In the case of ion absorption, un-competitive inhibition denotes the interference of ion M, with the absorption of ion M, due to the combination of Mi with RM. at a site different from that by which M8 is bound. In un-competitive inhibition, M1 does not combine with free R.
The following experiments will be interpreted in terms of the above analysis. Rb* will be the substrate ion, M., whose concentration was represented in the velocity equations by (S) and will be expressed in m.e./l. The other alkali cations will be looked upon as interfering ions, Mi, present in concentration (I). fig. 3, left) . In the presence of K, the slope of the straight lines increased with little or no increase in the ordinate intercept and hence, an increased slope/intercept ratio-the characteristic features of the competitive type of interference. Figure 4 shows the results of two experiments in which the Rb concentration was varied from 2 to 10 m.e./l. and K and Na were the interfering ions in the first (left) and second experiments, respectively. Comparison of the effects of the interfering ions at 10 m.e./l. shows that whereas K interferes in the manner characteristic of competitive inhibition ( fig. 3) , the line for Na = 10 m.e./l. is essentially parallel to the line obtained in the absence of interfering ion (un-competitive interference, case 4). At the higher Na concentration (25 m.e./l.), both the slope and intercept increase, the slope more so than the intercept, indicating a competitive type in addition to the un-competitive type of interference.
The interference by Na becomes partly competitive not only at Na concentrations higher than 10 m.e./l., but also when the Rb concentration exceeds .that value. This is seen in figure 5 , which shows the results of an experiment in which the Rb concentration was varied from 2 to 50 m.e./l. PLANT PHYSIOLOGY 1/v are low, i.e., the rate of Rb absorption is higher than would be expected on the basis of the extrapolation indicated in figure 8.
Discussion
The questions to which answers were sought in the present study may be summarized as follows: (a) Are the quantitative features of the absorption of alkali cations consistent with the view that the process involves binding in the form of a labile complex, as summarized in equations 1 and 2? (b) Is the absorption of alkali cations effected by one or by several types of sites? (c) If several sites are involved how do the various sites differ in their affinities for different cations? Specifically, are there sites which will differentiate between K and Na, preferentially binding the former?
In the absence of interfering ions, the double reciprocal plot, 1/v against 1/(S), consistently yields straight lines in experiments involving the absorption of Rb (figs. 3, 4, 5, 7, and 8) and K (unpublished). This result is expected on the basis of equation 6 which is based on the assumptions expressed in equations 1 and 2, and it is concluded that so far as these experiments are concerned, the first of the above questions is answered in the affirmative.
It is implicit in this conclusion, and in what follows, that the mechanism referred to is believed to be the only one that is of quantitative significance under the conditions of these experiments (very low salt roots, and physiological conditions of pH, temperature, and aerobiosis). There is no evidence in these and other experiments (10) to indicate that simple, nonmetabolic exchange not involving binding sites plays any but a minor role in determining the observed rates of Rb absorption.
Equation 6 shows that the straight lines obtained in the double reciprocal plots, 1/v against 1/(S), have a slope equal to KS/V and intercept equal to 1/V, the ratio of these values yielding K5 (6) , in studying nitrogen fixation by the free-living nitrogen-fixer Azotobacter vinelandii, found variations in the value of K8 of a comparable magnitude. In the present investigation there is suggestive evidence that the value of K8 is appreciably affected by the conditions obtaining in the period following the excision of the roots and prior to the start of the absorption period proper-an interval during which conditions were none too well controlled in these experiments. Furthermore, two different batches of Sacramento barley were used, and the seeds at the time of use varied in age, the work reported extending over a period of one year.
The second and third of the above questions will be considered jointly, for answers were sought through a kinetic analysis of the manner in which 468 the absorption of one ionic species is affected by the presence of another. The double reciprocal plots of Rb absorption in the presence of K ( fig. 3 , right, and 4, left) and Cs ( fig. 8 ) exhibit the features of competitive interference; there is little or no increase in the ordinate intercept, accompanied by a pronounced rise in the slope. It is concluded that K, Rb, and Cs are bound by the same sites or reactive centers. This finding is not interpreted as an indication that these ions are equivalent in all metabolic reactions. The deviation of the line for Cs = 10 m.e./l. from the expected straight line relationship ( fig. 8 ) will be discussed below. Table I lists the experimental values, ordinate intercept and slope, and the constants calculated from these by using equations 6 and 7 for those experiments which involve Rb uptake in the presence of K and Cs (the competitive cases). The symbols have the meaning assigned them in the equations. Examination of the last two columns of table I reveals that the constants for Rb (K,) and the interfering ions (Ki) are of the same order The fact that the constants for Rb, K, and Cs are of the same order of magnitude indicates that the assignment of the terms "substrate" and "interfering" to any of these ions is arbitrary and a matter of convenience only. The ion whose uptake is being measured is called the substrate, and the other the interfering ion. As a matter of fact, both ions are competing substrates in the ion-binding reaction. The case of competing substrates has been dealt with by HALDANE (11) . different from that to which M8 is attached. When either Na (fig. 4, right) or Rb ( fig. 5 ) exceeds the value of 10 m.e./l., approximately, the type of interference changes in a manner which indicates a competitive component as well. With respect to the former case (Na > 10 m.e./l., fig. 4, right) , this change is interpreted as indicating that while at low concentrations, Na is bound by sites other than those which bind Rb, at higher concentrations Na "spills over," as it were, onto the Rb sites. The latter case (Rb > 10 m.e./l., fig. 5 ) indicates that at least two types of sites are involved in the transport of Rb in the presence of Na. At low Rb concentrations, Rb is bound by sites which the un-competitively affected by Na, provided that the concentration of the latter does not exceed 10 m.e./l. (fig. 5 , the parallel section of the curve Na = 10 m.e./l.). At higher Rb concentrations, its absorption involves sites which also bind Na ( fig. 5 , the inclined portion of the curve Na = 10 m.e./l.).
When the concentration of substrate ion (Rb in this case) is progressively lowered, the proportion of the complex MR will decrease and the proportion of free R increase. Since in un-competitive interference the interfering ions (Na) have an effect upon MR, but not upon free R, it follows that the effect of Na should progressively diminish as the Rb concentration, and hence the concentration of the complex, MR, approaches zero. Figure 1 shows that this is indeed the case. At Rb concentrations of 1 m.e./l. and less, the proportion of MR (the only form affected by Na) in the system is so low that the Na effect becomes negligible.
The difference in the behavior of K and Na is brought out in the two experiments shown in figure 4 . These experiments were identical except that K was the interfering ion in one (left) and Na in the other. For K as the interfering ion, the ratio slope/intercept increased from 2.928 for K = 0 m.e./l. to 7.887 for K = 10 m.e./l., whereas for Na at the same concentrations, the slopes were almost identical and the ratio slope/intercept decreased from 3.738 to 3.433. Hence K shows the characteristics of competitive interference with respect to Rb, whereas Na at the same concentrations, accompanied by the same anion, produces the characteristics of un-competitive interference, indicating a different binding site.
Comparison of equation 9 with equation 6 shows that in un-competitive interference, there is no change in the slope of the double reciprocal plot, while the intercept increases by the factor [ The interference with Rb uptake by Li at high concentrations ( fig. 6 ) is not competitive (fig. 7) . Both slope and intercept increase, the slope by a smaller factor than the intercept, indicating a type of interference intermediate between the un-competitive and the non-competitive. In this case the interfering ion affects both MIR and R, with a greater effect upon the former.
At low concentrations of both Rb and Li, a positive effect on Rb absorption was shown to outweigh the negative effect which predominates at high concentrations ( fig. 6) . Similarly, at low concentrations of Rb and Cs there seems to exist a positive effect on the rate of Rb absorption in addition to the competitive interference. As a result, the interference at low concentrations of Rb and Cs ( fig. 8 ) is less (Rb uptake is higher) than would be expected on the basis of the interference at the high Rb concentrations. Another interpretation of the features exhibited by the line for Cs = 10 m.e./l. may be that at low concentrations of Rb and Cs the interference of Cs with Rb uptake is of the un-competitive type ( fig. 5 ). This deviation from the expected straight line relationship occurs in experiments. involving the effect of Cs on the absorption of K as well. Briefly then, K, Rb, and Cs have been shown to be competitive with respect to one another, i.e., they are bound by the same binding sites or reactive centers. In the presence of Na, two types of such sites can be distinguished. At low concentrations of substrate ions, the sites involved do not bind Na, but at higher substrate ion concentrations (> 10 m.e./l.) additional sites are brought into play which also bind Na. The specificity of the former type site for K, Rb, and Cs is not absolute as evidenced by the fact that Na at concentrations above 10 m.e./l. becomes competitive toward it. Li is not competitive toward this K-Rb-Cs site.
COLLANDER (3) studied cation absorption by 21 different species of higher plants which were grown for approximately two months in complete nutrient solutions containing several cations in equivalent amounts. He found that all plants studied absorb Rb and Cs with almost the same rapidity as K. He found a similar relation between Ca and Sr. No other cations studied showed such distinct mutual correlations in their absorption rates. He also found that K and Rb mutually interfered with each other's uptake somewhat as though they were identical ions or two isotopes of the same element.
